Humans and nonhuman primates preferentially learn to fear and avoid archetypical fear-relevant stimuli. Yet how these learning biases influence adaptive behavior, the basic mechanistic underpinnings of these biases, and how they interact with learning experiences during the life span of an individual remain unknown. To study this, we investigated how 4 classes of fear-relevant stimuli (snakes, threatening in-group faces, racial out-group faces, and guns) influenced adaptive behavior. We showed that stimulusdriven biases have a dramatic influence that can either promote or corrupt adaptive behavior depending on how a bias relates to the environment. We quantified and compared the effects of different fear-relevant stimuli on instrumental behavior using a computational reinforcement learning model that formalized the idea that the bias reflects competition between an instrumental and a Pavlovian valuation system. These results were further clarified by 2 independent rating studies showing that perceived danger of the stimuli corresponded well with their influence on adaptive behavior.
An erroneous decision in a dangerous environment might be an individual's last decision, providing strong selective pressure for optimizing adaptive behavior to avoid dangerous consequences. However, adaptive behavior is notoriously difficult to achieve and is error prone in the stochastic natural environment, which means that evolving optimal and maximally flexible behavioral systems is costly or even impossible (Haselton & Nettle, 2006; Johnson, Blumstein, Fowler, & Haselton, 2013) . Past research has shown that behavior, despite these constraints, can be optimality approximated in many circumstances, partly as a result of ecologically valid shortcuts or biases resulting in adaptive behavior (Johnson et al., 2013) . For example, many animal species have both innate mechanisms for recognizing and avoiding evolutionarily old predators (Smith, 1975; Veen, Richardson, Blaakmeer, & Komdeur, 2000) and learning mechanisms promoting avoidance of evolutionarily novel threats (Ferrari, Gonzalo, Messier, & Chivers, 2007) . In humans, similar biases have been demonstrated in classical (stimulus-stimulus) conditioning in response to fear-relevant stimuli (Davey, 1995; Öhman & Mineka, 2001; Seligman, 1971) . Both fear-relevant stimuli with a long evolutionary history (phylogenetic), such as snakes and threatening faces, and evolutionarily novel fear-relevant stimuli (ontogenetic), such as out-group faces (Navarrete et al., 2009; Olsson, Ebert, Banaji, & Phelps, 2005) and guns (Davey, 1995; Öhman & Mineka, 2001) , are more easily and persistently associated with aversive stimuli than control stimuli (LeDoux, 2012; Öhman & Mineka, 2001) . The development and the expression of these learning biases are thought to reflect a complex interaction of evolutionary and cultural factors (Davey, 1995) . Although fear learning biases might have advantages, such biases can also be maladaptive for modern humans and their societies by supporting irrational fears and xenophobia (Öhman, 2005) . Indeed, fears and phobias toward animals, such as snakes and spiders, are common in the general population and also in parts of the world where dangerous species are scarce or nonexistent (Öhman & Mineka, 2001; Seligman, 1971) . However, because the vast majority of research investigating fear learning biases in humans has been based on classical conditioning, it remains unknown how fear-relevant stimuli affect adaptive instrumental behavior.
We investigated the consequences of a range of fear-relevant stimuli (snakes, threatening faces, out-group faces, guns) for adaptive behavior using a novel experimental model and computational analyses. A dominant perspective on the neurobiology of decision making posits that behavior can be understood as arising from the competition between different valuation systems. These independently assign value to stimuli and actions and can, therefore, have competing interests (Dayan, Niv, Seymour, & Daw, 2006; Huys et al., 2011; Rangel, Camerer, & Montague, 2008) . Current evidence indicates that the human brain is composed of at least two such valuation systems: (a) a Pavlovian system that assigns value to a limited number of actions, such as avoidance, in response to biologically relevant stimuli, with relevance acquired through learning, innate predispositions, or a combination of the two (Dayan et al., 2006; Dayan & Seymour, 2007; Rangel et al., 2008) and (b) an instrumental system, which flexibly assigns value to actions on the basis of their reinforcement history together with current goals (Dayan et al., 2006; Rangel et al., 2008) . A number of studies have investigated the interaction between these systems in humans (Geurts, Huys, den Ouden, & Cools, 2013; GuitartMasip, Duzel, Dolan, & Dayan, 2014; Huys et al., 2011) , but to date, very few, if any, have investigated the effect of fear-relevant stimuli on this interaction.
On the basis of this neurobiological perspective, we hypothesized that fear-relevant stimuli should trigger the Pavlovian valuation system and thereby bias adaptive instrumental behavior toward avoidance (LeDoux, 2012) . The consequence of this bias should be directly contingent on the relationship between the fear-relevant stimulus and the environment: We hypothesized that fear-relevant stimuli would enhance adaptive behavior when they were reliable predictors of danger and corrupt adaptive behavior when they were unreliable predictors of danger. Thus, in environments where fear-relevant stimuli, on average, actually are dangerous, a stimulus-driven avoidance bias should be beneficial (Foster & Kokko, 2009; Johnson et al., 2013) and thus ecologically rational (Houston, McNamara, & Steer, 2007) . However, if based on outdated, malignant, or otherwise unreliable information, such stimulus-driven biases might result in outcomes that are maladaptive on both the individual and the societal level, as is the case with phobias and racial biases. We conducted four instrumental avoidance learning experiments (N ϭ 156) in which we varied the reliability of fear-relevant stimuli as predictors of danger to (a) test this hypothesis and (b) characterize the influence of four classes of fear-relevant stimuli-snakes, threatening in-group faces, social out-group (other race) faces, and guns-that have all been associated with learning biases in classical conditioning. These stimuli were also rated for perceived threat and danger by an additional 94 participants. To address the second issue (characterization of the influence of the stimuli) and provide insight into the underlying computations, we used a simple reinforcement learning (RL) model, implementing the idea of two competing valuation systems, to estimate the Pavlovian value of the different types of fearrelevant stimuli.
Method
The four experiments had identical experimental designs and are therefore, unless otherwise noted, described together throughout the Method and Results sections.
Participants
All participants were recruited at the Karolinska Institutet (Stockholm, Sweden) campus and provided written consent. Participants received two movie vouchers as compensation. All procedures were approved by the ethics committee at the Karolinska Institutet. Power calculations using G ‫ء‬ Power 3.1.9.2 indicated that a power of .80 to detect the predicted between-participants and within-participant interactions, given a large predicted effect size (Cohen's f Ϸ .45-.50) would require ϳ40 participants. The first experiment (threatening vs. friendly faces) therefore involved 42 (22 female) participants (mean age ϭ 26 years). Given the large effect size in this experiment, the second experiment (snakes vs. flowers) involved 32 (21 female) participants (mean age ϭ 22 years), and the third experiment involved 34 (18 female) participants (mean age ϭ 25 years). In both Experiments 2 and 3, we aimed for at least 30 participants. Any additional participants were included on the basis of economic and time constraints. In the fourth experiment (out-group vs. in-group faces), we predicted larger individual differences between participants and, therefore, a smaller average effect size. This experiment therefore included 48 (34 female) participants (mean age ϭ 26 years). No participant took part in more than one experiment. The first ratings sample involved 59 (39 female) participants, and the second ratings sample involved 35 (26 female) participants. The rating studies were conducted in an undergraduate lecture setting (with first-and second-semester psychology students, respectively). The stopping rule was thereby determined by the number of volunteers attending the lectures.
Materials and Stimuli
All experiments were conducted in a sound-attenuated experimental chamber on a PC connected to a 19-in. CRT monitor. The aversive reinforcement was a monopolar 100-ms DC-pulse electric stimulation (STM200; BIOPAC Systems, Inc., Goleta, CA) applied to a participant's nondominant forearm. The intensity of the electric shock stimulation was adjusted individually for each participant in a work-up procedure on the basis of the criterion "unpleasant but not painful."
All stimuli were adjusted to fit a 462 pixel ϫ 462 pixel frame. The stimuli for Experiment 1 were selected from the Karolinska Directed Emotional Faces (Lundqvist, Flykt, & Öhman, 1998) and consisted of two photos of the same model with happy and threatening facial expressions (model number BM17). The stimuli for Experiment 2 were selected from a stimuli set in which low-level features of the images (e.g., contrast, spatial frequency) were equalized (Wiens, Peira, Golkar, & Öhman, 2008) The stimuli for Experiment 4 were two male faces selected from the NimStim set (Actors 23 and 40) with equally neutral expressions according to the NimStim ratings (Tottenham et al., 2009 ). The stimuli used in Experiment 3 were grayscale images of a gun and the flower image used in Experiment 2. The specific gun exemplar was selected to be comparable to the most distinctly phylogenetic stimulus-the snake-on psychological dimensions likely to be relevant for behavior to facilitate comparison between stimulus categories. A rating study involving an independent sample of participants rated the stimuli used in Experiments 1-4 together with four images of different guns. The dimensions were threat and danger, rated on a seven-point scale ranging from 1 (not at all) to 7 (very). Finally, we asked participants how many individual negative experiences they had had in relation to what the images depicted, rated using a three-point scale (response options: none, few, many). The gun stimulus used for Experiment 3 was statistically comparable with the snake stimulus used in Experiment 2 for both rated threat and rated danger (ps Ͼ .05). In the second ratings study, participants were asked to estimate how much negatively valenced exposure This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. they had experienced from the different fear-relevant stimuli through (a) individual experience, (b) family and friends, (c) news media, and (d) popular culture. For this purpose, they used a 5-point scale encompassing 0 (none), 1-2 (few), 3-5 (some) 6 -10 (many), and Ͼ10 (very many).
Task and Procedure
All four experiments had identical experimental designs, differing only in the stimuli presented (see Figure 1) . The experimental task was a two-choice decision task with probabilistic aversive reinforcement (electric shocks). The participants were instructed to try to learn to avoid shocks and told that one choice stimulus might be better than the other for doing so. They were not informed about the contingency reversal. Participants performed six practice trials (no reinforcement) and then the experimental session (70 trials). They used the left and right arrow keys on a computer keyboard to indicate their choices. The location of the choice stimuli varied randomly between the left and right position across trials to prevent use of spatial-selection strategies. After the experimental session, participants in Experiment 2 completed the Snake Anxiety Questionnaire (SNAQ; Klorman, Weerts, Hastings, Melamed, & Lang, 1974) , and participants in Experiment 4 completed the Modern Racism Scale (MRS) questionnaire (Akrami, Ekehammar, & Araya, 2000) and the Race Implicit Association Test (IAT). Unfortunately, we could not identify any validated questionnaires targeting fear/negative valuation of either threatening faces or guns. Participants in Experiment 3 rated the stimuli material (gun and flower) on perceived danger and threat and answered one question about previous personal negative experiences with the objects the images depicted.
As shown in Figure 1 , the task had a mixed, 2 ϫ 2 design, with one between-participants factor (predictive reliability: reliable to unreliable, unreliable to reliable) and one within-participant factor (phase: first half, second half). After the first half of the experiment (35 trials), the stimulus-reinforcement contingency reversed. For the reliable-to-unreliable groups, the fear-relevant stimulus was the more reliable predictor of shock (p[shock] ϭ .70) in the first half and the less reliable predictor of shock (p[shock] ϭ .30) in the second half, whereas the reverse was Figure 1 . Experimental design and procedures: Four experiments contrasted conditions in which the fearrelevant stimulus (here illustrated with a threatening face) was a reliable (p ϭ .70) or unreliable (p ϭ .30) predictor of danger (electric shock). Participants were randomly assigned to the reliable-to-unreliable or the unreliable-to-reliable group. After the first half of the experiment (35 trials), the stimulus-reinforcement contingences were reversed. These images are used with permission from the Karolinska Directed Emotional Faces stimuli set (Lundqvist, Flykt, & Öhman, 1998) This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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tapraid5/emo-emo/emo-emo/emo00315/emo3036d15z xppws Sϭ1 4/7/15 4:24 Art: 2014-0538 true for the unreliable-to-reliable groups. This design allowed us to directly test our prediction about the interaction between the fear-relevant stimuli and the structure of the environment, control for the order effect of presentation, and disentangle transient and sustained effects of fear-relevant stimuli on adaptive behavior.
Statistical Analyses
Logistic generalized linear mixed models (GLMMs) with by-participant random intercepts and by-participant random slopes for the first-half/second-half factor (Baayen, Davidson, & Bates, 2008) were used to analyze the choice data. Logistic regression is the preferred statistical method when the dependent variable is binary (optimal ϭ 1, suboptimal ϭ 0; Jaeger, 2008) . Reported main and interaction effects were evaluated with Type II analyses of deviance (analogous to Type II sum of squares analyses of variance [ANOVAs] ) tests based on the Wald statistic, in which the goodness of fit of nested models were compared against a chi-square distribution (Fox & Weisberg, 2011) . Degrees of freedom for the Wald test is the difference in the number of parameters between the compared models. For the GLMM analysis, we report the simple effect size (i.e., unstandardized beta estimate) in Table S1 in the online supplemental materials (OSMs). Presently, no consensus methodology for effect sizes in GLMM exists, but the simple effect size has the desirable property of being easily interpreted (Baguley, 2009 ). For 95% confidence intervals for all simple effects, see also Table 1 in the OSMs. For continuous variables, Cohen's d was used when appropriate. The computational RL models were fit to the data for each participant using maximumlikelihood estimation, and their respective goodnesses of fit were compared using the Akaike information criterion (AIC), which penalizes model complexity (see the OSMs for details). To account for individual variations in model fit, the AIC values were submitted to paired-samples t tests for model comparison (Fareri, Chang, & Delgado, 2012; Lindström, Selbing, Molapour, & Olsson, 2014; Suzuki et al., 2012) .
Results
As shown in Figure 2 , the predicted Pavlovian influence on adaptive behavior was confirmed by a pattern of crossover interactions in all four experiments (see Table S1 in the OSMs for the simple effect size estimates). These crossover interactions suggest that fear-relevant stimuli enhanced adaptive behavior when they were reliable predictors of danger (reliable conditions) but corrupted adaptive behavior when they were unreliable predictors of danger (unreliable conditions). This influence was predictably reversed after the contingency reversal, revealing the inflexible nature of the Pavlovian influence. Statistically, hierarchical logistic regressions of the trial-bytrial choices showed the predicted Phase (first half, second half) ϫ Predictive Reliability (reliable to unreliable, unreliable to reliable) interaction for threatening versus happy facial expressions, 2 (1) ϭ 7.67, p Ͻ .01; snake versus flower stimuli Figure S1 in the online supplemental materials for trial-by-trial plots. Black bars ϭ reliable to unreliable, gray bars ϭ unreliable to reliable. This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. tapraid5/emo-emo/emo-emo/emo00315/emo3036d15z xppws Sϭ1 4/7/15 4:24 Art: 2014-0538 APA NLM 2 [1] ϭ 9.39, p Ͻ .01); and gun versus flower 1 stimuli, 2 (1) ϭ 12.21, p Ͻ .001. For racial out-group faces, the pattern was slightly more complex. There was no overall effect of the experimental manipulation, but when a mean split of explicit racial bias was included in the analysis, the predicted interaction was observed for individuals with explicit racial bias above (n ϭ 20), but not below (n ϭ 28) the sample mean: Phase ϫ Predictive Reliability ϫ Racial Bias interaction, 2 (1) ϭ 3.91, p Ͻ .05; see the Analysis of the Pavlovian Bias Elicited by Fear-Relevant Stimuli section for additional analyses of individual differences in Pavlovian valuation). Implicit racial bias (IAT) did not exhibit this pattern (p ϭ .18; cf. Lindström et al., 2014) . In contrast to individual differences in negative attitudes toward out-group members, individual differences in snake fear did not affect behavior (p ϭ .50).
In conclusion, four independent experiments with, in total, 156 participants showed the predicted interaction between fearrelevant stimuli and the environment. The combined probability under the null hypothesis of observing this pattern of results (combining the p values of the four interaction terms using Fisher's method) was 2.849598e-07 (Ϸ 0.0000002849).
Characterizing the Pavlovian Influence of Fear-Relevant Stimuli
On the basis of the evidence for competition between valuation systems for behavioral output in decision making (Dayan et al., 2006; Huys et al., 2011; Rangel et al., 2008) , we constructed a simple RL model to estimate the magnitude of the Pavlovian influence of the different fear-relevant stimuli (for further details, see the Computational Modeling section in the OSMs). Instrumental learning was modeled with the standard Q-learning (i.e., the Rescorla-Wagner) algorithm, where the expected value of each action (action value) depends on the reinforcement history tied to that action:
where a learning rate, ␣, determines how much the subsequent expected value at time point (t ϩ 1) is affected by the prediction error, calculated as the difference between the actual value, R fearrelevant(t), and the action value, Q fear-relevant (t), of choosing the fear-relevant stimulus at time step t. We assumed that the fearrelevant stimulus (e.g., the snake) elicited a negative value that down-weighed the instrumental value of the action at the time of choice and thereby reduced its probability:
where p Fear-relevant is the probability of choosing the fear-relevant stimulus on trial (t); Pavlovian i is the Pavlovian influence, where the subscript i refers to the specific fear-relevant stimulus; and ␤ is a noise parameter. This implementation, which we refer to as the stimulus-bias model, is similar to existing RL models of interaction between experimentally conditioned stimuli and instrumental learning (Dayan et al., 2006; Huys et al., 2011) , and it parsimoniously accounts for how fear-relevant stimuli can enhance (when they are reliable predictors of danger) or corrupt (when they are unreliable predictors of danger) adaptive instrumental behavior (see Figure 2 ; Rangel et al., 2008) . The qualitative pattern of predictions holds for a wide range of parameter values, because any positive value of the Pavlovian parameter will result in competition between the Pavlovian and instrumental valuation systems (see Figure 3) . We quantitatively confirmed that the Pavlovian parameter improved the fit to the data relative to a no bias model without this parameter, t(152) ϭ Ϫ2.28, p ϭ .024 (see Table S2 in the OSMs). Further, we sought to determine the stability of the Pavlovian influence on behavior-that is, whether the magnitude of the Pavlovian influence was modulated by the consequences of choosing the fearrelevant stimulus (changing bias; see the Alternative Models section and Table S2 in the OSMs). For example, the Pavlovian influence might have decreased if choosing fear-relevant stimulus did not result in an aversive shock. However, this model gave an impaired account of the data relative to the stimulus-bias model, t(152) ϭ Ϫ7.30, p Ͻ .001, indicating that the Pavlovian bias was relatively constant within the time scale of the experiment.
To further test the stimulus-bias account of how fear-relevant stimuli influence adaptive behavior, we contrasted it with an alternative hypothesis derived from the literature on prepared learning in classical conditioning (Öhman & Mineka, 2001) . A core idea in this literature is that the learning bias associated with fear-relevant stimuli (resistance to extinction and, often, enhanced acquisition of conditioned fear) does not reflect any intrinsic or prepotent valuation difference between stimuli but, rather, the expression of specific associations-that is, an enhanced capacity of fear-relevant stimuli to be associated with aversive events (Öhman & Mineka, 2001) . We formulated two model versions of this learning-bias hypothesis (for equations, see the alternative models in the OSMs). Both models provided an impaired fit of the data relative to the stimulus-bias model-Learning Bias 1, t(152) ϭ Ϫ3.42, p Ͻ .001; Learning Bias 2, t(152) ϭ Ϫ2.46, p ϭ .01 (see Table S2 in the OSMs)-suggesting that fear-relevant stimuli primarily influenced behavior through biasing action values during the decision process rather than the learning process.
Analysis of the Pavlovian Bias Elicited by Fear-Relevant Stimuli
Having established that the stimulus-bias model gives a satisfactory account of the data, we next analyzed the estimated Pavlovian parameter value from this model. The magnitude of this parameter constitutes a direct measure of the Pavlovian bias on behavior. A one-way ANOVA showed a main effect of fearrelevant stimulus type, F(3, 147) ϭ 3.16, p ϭ .027.
2 Simpleeffects analysis showed that the estimated Pavlovian parameter value was higher for guns than for out-group faces (␤ ϭ 0.146, 1 The snake and gun stimuli, representing the extremes of a hypothetical phylogenetic-ontogenetic continuum, were selected to be comparable in perceived threat and danger (see the Method section). To facilitate comparison, we used the same control stimulus in both experiments.
2 Because statistical analysis of parameter estimates suffers from two sources of error-that is, from both the parameter fitting procedure and statistical error (Fareri et al., 2012 )-we removed two extreme outliers (with standardized residuals exceeding 3 standard deviations; Baayen et al., 2008) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. . The average level of snake fear in the sample was low (M ϭ 7.0, SD ϭ 5.0) relative to the range of the scale (0 -20; Klorman et al., 1974) , indicating that snakes affect voluntary instrumental behavior in the absence of direct fearfulness. Unfortunately, we could not identify any validated scales in Swedish targeting fear/negative attitudes toward threatening faces or guns, so the relationship between individual differences in attitudes and the Pavlovian parameter remains unknown for these stimuli. Analysis of the other model parameters revealed no systematic differences (see the Additional analysis of parameter estimates section in the OSMs).
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Ratings of Threat, Danger, and Sources of Negative Exposure
The analysis of the estimated Pavlovian parameter showed that the fear-relevant stimuli differed in their impact on adaptive behavior (see Figure 4) . It is clear that these differences cannot correspond to differences in phylogenetic status, because the Pavlovian value did not differ between snakes and guns. In an effort to clarify other possible causes for the differences in the Pavlovian influence, we performed two rating studies with two independent samples (the first rating sample was also used to select the gun stimulus for Experiment 4 [see the Method section]). The goal was to provide independent estimates of perceived threat and dangerousness for the fear-relevant stimuli used in Experiments 1-4 and estimates of their typical associated learning histories. Our use of independent samples had the benefit that the ratings of the stimuli were unrelated to the experimental manipulations. At the same time, comparisons between the ratings and the experimental results could only be qualitative in nature.
The rated threat and danger in the first sample is shown in Figure 5 . For the threat ratings (per paired t tests), only out-group faces differed from the other fear-relevant stimuli (ts Ͼ 8.00, ps Ͻ .001, ds Ͼ 0.96). For the danger ratings, all comparisons, except that between guns and snakes, t(56) ϭ 1.84, p ϭ .07, 4 were highly significant (ps Ͻ .001), with all effect sizes above 0.68. The effect 3 We asked the participants in Experiment 4 to rate the gun stimulus for perceived threat and dangerousness. These ratings did not correlate with the estimated Pavlovian parameter (p Ͼ .05). However, because the ratings questionnaire was administered after the experiment and depicted the same stimulus that was used in the experiment, any potential correlation might be obscured by the aversive experiences of the experiment (i.e., a conditioning effect). Unfortunately, this appears to have been the case: The number of electric shocks received during the experiment correlated with the ratings of perceived dangerousness (r ϭ .420, p ϭ .012). This was not the case for the validated snake fear (r ϭ Ϫ.156, p ϭ .39) or racial bias questionnaires (r ϭ .12, p ϭ .41). 4 Note that the specific gun stimulus used in Experiment 4 was selected on the basis of these criteria. We included three other gun exemplars in the first ratings study, two of which were rated as significantly more dangerous than the snake stimulus. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. tapraid5/emo-emo/emo-emo/emo00315/emo3036d15z xppws Sϭ1 4/7/15 4:24 Art: 2014-0538 sizes of the difference between snakes and out-group faces (d ϭ 1.49) and between guns and out-group faces (d ϭ 1.52) were particularly large. Although the ratings of threat and danger were correlated, the correlation was not perfect (rs Ͻ .64, r 2 Ͻ .41), indicating that the two questions captured different constructs. The danger ratings (see Figure 5 ) appear to correspond most closely to the qualitative ordering of the estimated Pavlovian values from Experiment 1-4 (see Figure 4) . Notably, the qualitative pattern of reported negative experiences with the fear-relevant stimuli types did not correspond to either the threat or the danger ratings.
5
Threatening faces were associated with the most negative experiences (Mdn ϭ some), whereas reported negative experiences with guns, snakes, and out-group faces were very rare (Mdn ϭ none). These results suggest that individual (direct) classical conditioning is unlikely to have underlain the influence of fear-relevant stimuli of behavior in our experiments.
Our second ratings study aimed to characterize the degree of negative exposure to the fear-relevant stimuli from other sources as opposed to individual experience. We asked the participants to estimate how much negatively valenced exposure they had experienced to the different fear-relevant stimuli through (a) individual experience, (b) family and friends, (c) news media, and (d) popular culture. These results are summarized in Figure S2 in the OSMs. In summary, the participants reported both the most individual exposure and exposure through family/friends to threatening faces, and secondarily to snakes. In contrast, for both news media and popular media, guns were associated with the most negative exposure, threatening faces and out-group faces with intermediate levels, and the least negative mass media exposure was reported for snakes. Together, these results suggest that different routes of learning might underlie the impact of the different fear-relevant stimuli.
Discussion
Across four independent experiments, we have, for the first time, demonstrated that fear-relevant stimuli have a strong influence on adaptive instrumental behavior. More specifically, this influence took the form of a Pavlovian stimulus-driven bias whose impact was critically dependent on the environment: When fearrelevant stimuli were reliable predictors of danger, adaptive behavior was enhanced, but when they were unreliable predictors of danger, adaptive behavior was corrupted. This pattern was consistent across all four types of fear-relevant stimuli: snakes, threatening faces, guns, and out-group faces. These results show that both archetypically phylogenetic (e.g., snakes) and ontogenetic (e.g., guns) fear-relevant stimuli similarly affect adaptive behavior.
The Pavlovian bias induced by fear-relevant stimuli appears to be learning independent (within the time scale of the experiment) and automatically triggered, as shown by the shift in the direction of the Pavlovian bias after the contingency reversal in our experiments (see Figure 2 ) and the impaired statistical fit of a RL model (changing-bias model), in which the bias could change over time. This view is consistent with the classical animal literature, which shows the extreme difficulties of learning instrumental contingencies that clash with the intrinsic Pavlovian value of an action (Breland & Breland, 1961) . For example, in one experiment, squirrel monkeys were punished by electric shocks for pulling a leash that restrained them (Morse, Mead, & Kelleher, 1967) . The optimal instrumental action in this situation would have been to remain still. Instead, the monkeys increased their leash-pulling behavior, presumably because the Pavlovian system automatically assigned value to avoidance in the domain of danger (Dayan et al., 2006) . Such findings conceptually mirror our results, in which the mere presentation of fear-relevant stimuli corrupted adaptive behavior when the Pavlovian value and the optimal instrumental action were incompatible. Our results are also consistent with those of recent studies of how experimentally conditioned aversive stimuli inhibit instrumental approach behavior (Geurts et al., 2013; Huys et al., 2011) , which have been modeled as competing valuation systems in RL models (Dayan et al., 2006; Guitart-Masip et al., 2012 Huys et al., 2011) . It is, however, important to note that our general conclusion that fear-relevant stimuli bias instrumental behavior is not contingent on the details, or even validity, of the stimulus-bias model. Indeed, the described bias is evident as a robust impact on adaptive behavior across the four experiments and stimuli categories (see Figure 2) .
Previous research has shown more persistent fear conditioning to both snakes and guns relative to control stimuli (Öhman & Mineka, 2001) ; to threatening, relative to neutral, in-group faces (Öhman & Mineka, 2001) ; and to racial out-group, relative to racial in-group, faces (Navarrete et al., 2009; Olsson et al., 2005) . The present results provide an important extension of this literature by showing that the negative value intrinsic to these stimuli directly affects adaptive behavior (cf. Lindström et al., 2014) . By showing the behavioral consequences of fear-relevant stimuli, our results lend support to the previous suggestion that Pavlovian biases have significant, potentially detrimental, consequences for 5 The rating scale consisted of three qualitative scale steps (none, some, many) . Therefore, the median is used as the estimate of central tendency. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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humans (Dayan et al., 2006; Rangel et al., 2008) . Our experimental approach was distinct from those of other studies of Pavlovian influences on instrumental behavior: By using the fear-relevant stimuli as choice stimuli rather than displayed in the background of an instrumental task, as in recent Pavlovian-to-instrumental transfer studies (Geurts et al., 2013; Huys et al., 2011) , we have produced results that are directly relevant to real-world situations in which the same stimuli carry both Pavlovian and instrumental value. For example, in many social contexts, Pavlovian value and instrumental value co-occur, such as when one interacts with someone with facial features that trigger the Pavlovian system but the liking of whom is instrumentally valuable. Moreover, our experimental design was also distinct from those of studies showing Pavlovian biasing of action (approach and avoidance) tendencies (Chiu, Cools, & Aron, 2014; Guitart-Masip et al., 2014; Ly, Huys, Stins, Roelofs, & Cools, 2014) , because using the fearrelevant stimulus as a choice stimulus precluded biased action or motor tendencies as the mechanism underlying the results. Instead, our experimental and modeling results suggest competition between the Pavlovian and instrumental systems at the decision stage via a Pavlovian bias of the action values associated with fearrelevant stimuli. The fact that guns exerted the same influence as snakes on adaptive behavior clearly demonstrates that evolutionary predispositions are not necessary to explain the present results. Instead, the pattern of estimated Pavlovian values of the stimulus types matched their perceived dangerousness as rated by an independent sample. Perceived dangerousness or deadliness has been suggested as the factor underlying both phylogenetic and ontogenetic fearrelevant stimuli, thought to result in fear learning biases through an enhanced expectancy for associated negative events (Davey, 1995) . What then determines perceived deadliness? A classic account of the etiology of human fears suggested that multiple pathways jointly contribute to the acquisition of fears (Rachman, 1977) . These pathways are direct experience-observation (or vicarious) and verbal transmission of threat information. The effectiveness of the last two pathways has been repeatedly demonstrated in both children and adults (Askew & Field, 2008; Olsson & Phelps, 2007; Phelps et al., 2001 ). Our second ratings study, in which we asked participants to estimate the amount of negatively valenced exposure from different sources to the four types of fear-relevant stimuli, provides qualitative support for the idea that the Pavlovian value of all stimuli, except threatening faces, is at least partially acquired socially through observational and/or verbal pathways. Individual differences in negative exposure to fearrelevant stimuli would, from this learning-focused perspective, be expected to be expressed in corresponding differences in Pavlovian valuations. The correlation between individual differences in racial bias (presumably reflecting differences in negative exposure) and the estimated Pavlovian value of out-group faces provides preliminary support for this idea, but the lack of a similar correlation for snakes hints that other, as yet unknown, factors may mediate the relationship between individual differences and behavior.
In conclusion, we asked how fear-relevant stimuli influence adaptive behavior and how the computational basis of this influence was constituted. We demonstrated that fear-relevant stimuli can corrupt adaptive behavior in environments in which they are unreliable predictors of danger and enhance adaptive behavior when they are reliable predictors of danger. Further, phylogenetic and ontogenetic fear-relevant stimuli exerted a comparable influence, underscoring the critical role of learning in adaptive behavior. Together, these results shed new light on how emotional biases affect behavior by focusing on the interplay between behavior and the environment (Houston et al., 2007) . These findings have implications for understanding how behavioral biases and phobias affect adaptive voluntary behavior.
